Threonine was infused at a steady rate to non-anaesthetized rats starved for 1 or 3 days and to diabetic rats starved for 1 day. 2. The rates of turnover of threonine, calculated from the equilibrium specific radioactivity (SA) of plasma threonine, were 5.79 + 1.00, 11.67 + 1.43 and 13.35 + 1.85 smol/min per kg body wt. in 1-day-starved, 3-day-starved and diabetic rats respectively. 3. The calculated turnover rate of threonine agreed well with the rate expected from the rate of protein turnover reported in the literature. 4. The equilibrium SA of plasma alanine was 5.1-9.8% of that of threonine in the three groups of rats. 5. The equilibrium SA of glucose was 1.42 and 2.90% of that of threonine in 1-day-and 3-day-starved rats respectively. 6. From the non-equilibrium SA of glucose, it is estimated that a higher percentage of 14C atoms is transferred from threonine to glucose in diabetic than in non-diabetic rats. 7. In spite of increases in gluconeogenesis from threonine in long-starved or diabetic rats, we conclude that threonine remains a minor contributor to plasma glucose. Since it is an essential amino acid, its turnover and contribution to the formation of plasma glucose is an index of catabolism and gluconeogenesis from tissue protein.
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Threonine was infused at a steady rate to non-anaesthetized rats starved for 1 or 3 days and to diabetic rats starved for 1 day. 2. The rates of turnover of threonine, calculated from the equilibrium specific radioactivity (SA) of plasma threonine, were 5.79 + 1.00, 11.67 + 1.43 and 13.35 + 1.85 smol/min per kg body wt. in 1-day-starved, 3-day-starved and diabetic rats respectively. 3. The calculated turnover rate of threonine agreed well with the rate expected from the rate of protein turnover reported in the literature. 4 . The equilibrium SA of plasma alanine was 5.1-9.8% of that of threonine in the three groups of rats. 5. The equilibrium SA of glucose was 1.42 and 2.90% of that of threonine in 1-day-and 3-day-starved rats respectively. 6. From the non-equilibrium SA of glucose, it is estimated that a higher percentage of 14C atoms is transferred from threonine to glucose in diabetic than in non-diabetic rats. 7. In spite of increases in gluconeogenesis from threonine in long-starved or diabetic rats, we conclude that threonine remains a minor contributor to plasma glucose. Since it is an essential amino acid, its turnover and contribution to the formation of plasma glucose is an index of catabolism and gluconeogenesis from tissue protein.
Many precursors of plasma glucose are products of glucose metabolism in extrahepatic tissues. These precursors are released into the circulation, and are carried to the liver to be converted into glucose. In this way glucogenic cycles, such as the Cori and the glucose-alanine cycles, arise. Evidently, such cycles do not contribute to 'new' glucose which, in the post-absorptive or starved state, is from the glucogenic amino acids of tissue protein.
The true contribution of these amino acids to the formation of glucose has not been quantitatively assessed.
The purpose of the present experiments was to estimate glucose formation from an essential amino acid which cannot be formed from glucose and therefore cannot be part of any metabolic cycle. In the post-absorptive state or during starvation the rate of release of an essential amino acid such as valine or threonine into the circulation is an index of the rate at which extrahepatic protein stores are turned over. Glucose formation from such an amino acid consequently allows the estimation of the extent to which tissue protein contributes to gluconeogenesis. In the experiments reported below, L-threonine was selected as an Abbreviation used: SA, specific radioactivity. essential and glucogenic amino acid for this purpose.
Materials and methods

Animals
Experiments were carried out on non-anaesthetized male Sprague-Dawley rats. At 3-7 days before the experiments, a plastic cannula (ClayAdams PE-50) was introduced into the carotid artery and the jugular vein as described by Popovic & Popovic (1960 
Chemical analysis
The concentration of glucose was determined from 0.01 ml of plasma with a Beckman II Glucose Analyzer. The 3H SA of glucose was determined as described by Hetenyi & Mak (1970) . The 14C SA of glucose was determined as described by Chiasson et al. (1974) . (Klapper, 1982) and the amounts of radioactivity were determined in a Nuclear-Chicago liquid-scintillation counter. The proportions of radioactivity contributed by alanine and threonine were calculated by determining the proportion of radioactivity co-migrating with these amino acids on t. From these determinations the SA values of threonine and alanine in plasma were computed. Their concentrations in plasma were calculated by using the recovery ratio of norleucine, as determined by amino acid analysis. Calculations
Steady-state turnover rates (RT) of threonine and, in the second series of experiments, of glucose were calculated as the ratio of tracer infusion (R*, as d.p.m./min) and the equilibrium SA (d.p.m./mg of C). The fraction of alanine arising from circulating threonine was calculated as the ratio of equilibrium SA(alanine) to SA(threonine). An analogous ratio was used to calculate the fraction of glucose arising from threonine; however, the equilibrium SA(glucose) was estimated from the curve of SA(glucose) versus time by an iterative method, assuming that the asymptote is approached as SA(t) = SA (1-ek). This calculation was not carried out in the experiments on diabetic rats because the excessive S.D. of the calculated asymptote, owing to the steep rise of the SA(t) curve over the entire length of the experiment, led to an uncertain estimate. The mean fraction of glucose arising from threonine multiplied by the mean RT(glucose) as calculated from the second series of experiments on identically treated rats yields the estimated rate of transfer of C atoms from the threonine to the glucose pool. The fraction of threonine turnover converted into glucose was calculated as the ratio of the rate of transfer of C atoms from threonine to glucose divided by RT(threonine).
The extent of gluconeogenesis from threonine was also assessed as the sum of amount of radio- Fig. 1 . The equilibrium SA was calculated as the mean SA observed at and after 120min. The mean plasma concentration of threonine is significantly lower in diabetic than in either group of non-diabetic rats (t = 4.31, P <0.01 for the difference between the 1-day-starved and diabetic rats; t=5.13, P<0.01 between 3-daystarved and diabetic rats). The turnover rate of threonine is significantly higher in the 3-daystarved or diabetic groups compared with 1-daystarved animals (t = 3.53, P<0.01, and t = 3.77, P<0.01 respectively). The mean plasma concentration of alanine was lower in diabetic than in non-diabetic 1-day-starved rats (t = 2.76, P<0.05), but the mean value in 3-day-starved rats did not differ significantly from that for either of the other groups.
The ratios of equilibrium SA-values are shown in used for the equilibrium SA(glucose) in nondiabetic rats. Whereas the equilibrium ratio of SA(alanine) to SA(threonine) varies little among the three groups of rats, the SA(glucose)/SA(alanine) ratio is higher after 3 days than after 1 day of starvation.
As calculated from the ratios of SA(threonine)/ SA(glucose), 1.42% of the C atoms in circulating glucose originated from threonine in 1-day-starved rats, and 2.9% in 3-day-starved rats.
The turnover rate of glucose in similar groups of rats is shown in Table 3 . Combining the data in the Tables: (a) in rats starved for 1 day, 21.3pg of glucose C/min per kg originates from the circulating threonine; on the other hand, 7.9% of the C atoms turned over in the threonine arrive in circulating glucose; (b) in rats starved for 3 days, 41.6 yg of glucose C/min per kg arises from circulating threonine, whereas 7.4% ofthe C atoms turned over as threonine arrive at glucose. Thus the increased transfer of C atoms from threonine to glucose during prolonged starvation parallels the increase in the turnover rate of threonine.
The fraction (F) of the radioactivity (d.p.m.) infused as threonine transferred to glucose during the first 150min of the infusion as calculated by eqn. (1) was 7.6% in the group of rats starved for 1 day, 5.8% in rats starved for 3 days, and 10.8% in diabetic rats.
Discussion
Assuming that the daily turnover rate of protein in the rat is 25-30g/kg body wt. per day (reviewed by Cahill et al., 1972) and that on average threonine constitutes 4.4% of tissue protein (Ruderman, 1975) , 6.4-7.7ymol of threonine/min per kg arising from protein is expected to be turned over. This value is in approximate agreement with our findings based on tracer experiments. When starvation was prolonged to 3 days, threonine turnover was nearly doubled. A similar increase was observed in diabetic rats. Starvation, and even more, diabetes, increase the rate of net protein breakdown, and this may be reflected by any increased turnover of threonine. Paradoxically, the net hepatic uptake of threonine was reported to be decreased in anaesthetized rats starved for 44h, as compared with those starved for 20h (Remesy et al., 1983) .
Threonine in mammals is metabolized by three different pathways. (i) The dehydratase pathway, initiated by threonine dehydratase (EC 4.2.1.16) in the rat (Goldstein et al., 1962) . The existence of a specific threonine dehydratase has also been claimed (Dale, 1978) . This pathway leads through oxobutyrate to succinate and is therefore glucogenic. (ii) An aldolase pathway, catalysed by threonine aldolase (EC 4.1.2.5) leads to acetate and glycine. Since in rats glycine is not glycogenic, except in prolonged starvation (Remesy et al., 1983) , this pathway is not expected to contribute to glucose formation in the post-absorptive state. (iii) Mitochondrial threonine dehydrogenase (EC 1.1.1.103) converts threonine into L-amino-f-oxobutyrate, which is metabolized via aminoacetone to methylglyoxal plus ammonia and finally to pyruvate (Green & Elliott, 1964 Bird & Nunn (1983) also conclude that the physiological significance of the dehydratase pathway is in providing threonine carbon for gluconeogenesis, as suggested by Mak & Pitot (1981) . Threonine dehydratase activity is increased in glucogenic states such as starvation, high-protein diet (Remesy et al., 1983; Bird & Nunn, 1983) , also by treatment with cortisol, and to a lesser extent with glucagon (Bird & Nunn, 1983) . In the absence of insulin, dexamethasone or glucagon increased the activity of the enzyme in cultured rat hepatocytes (Mak & Pitot, 1981) . The activity of the enzyme has not been studied in diabetic rats, in which gluconeogenesis is expected to be increased significantly above normal.
During prolonged starvation the plasma concentration of threonine has been reported to decrease in rats (Remesy et al., 1983) . A similar decrease in the concentration of free threonine in the liver has been described in starved rats (Remesy et al., 1983; Bird & Nunn, 1983) as well as in cortisol-or glucagon-treated rats (Bird & Nunn, 1983) . In our experiments the prolongation of starvation from 1 to 3 days caused only a marginal decrease in plasma threonine, but the value was significantly lower in diabetic than in non-diabetic rats starved for 1 day. Because of the high RT of threonine, however, the plasma clearance rate (RT/plasma concentration) of threonine was higher in both 3-days-starved and diabetic rats than in normal animals starved for 1 day. This seems to indicate that, when the rate of gluconeogenesis is elevated and threonine dehydratase becomes the principal pathway of catabolism, the metabolic clearance of threonine in the liver, and consequently its plasma clearance in the intact rat, increases.
In the non-diabetic rat, threonine is only a minor contributor to gluconeogenesis. This was also observed in sheep (Egan et al., 1983) , where only 0.3% of glucose carbon was derived from threonine and 3% of the carbon atoms that turned over in threonine appeared in plasma glucose. Nevertheless, glucose formation from threonine appeared to be a regulated process, since during the infusion of phlorizin a larger fraction of threonine turnover was converted into glucose (Egan et al., 1983) . In our experiments the prolongation of starvation increased the turnover of threonine, but not the fraction of its C atoms converted into plasma glucose. The observed increase in the contribution of threonine carbon to circulating glucose was in parallel with the increase in the turnover rate of threonine and not due to a preferential conversion of threonine into glucose carbon.
In diabetic rats, a larger fraction of 14C atoms was transferred from threonine to glucose than in the comparable group of non-diabetic rats. Whereas the F values (10.8% and 7.6%) in these two groups differ only little, the F value calculated in diabetic rats grossly underestimates the true rate of transfer of 14C atoms from threonine to glucose. This is because, in diabetic rats, at the time of the termination of the experiment the equilibrium SA of plasma glucose has not even been remotely approximated (see Fig. 1 ). In the 1-day-starved non-diabetic rats, in which the SA of glucose was at the time of the termination of the experiment only about 6% below its estimated equilibrium value, the calculated F value underestimates the extent of the transfer of 14C atoms to a much smaller degree.
As judged by the SA of plasma alanine, this pool became labelled to a much higher degree than did circulating glucose. This observation argues against the possibility of glycolysis in the extrahepatic tissues being a major source of 14C atoms in plasma alanine, and by inference pyruvate and lactate. Moreover, in the rat neither threonine dehydratase (Bird & Nunn, 1983) nor threonine dehydrogenase is present in muscle (Green & Elliott, 1964) . It is likely that the labelling of plasma alanine is the result of the hepatic catabolism of threonine via the dehydratase pathway, which leads to succinate-_oxalo-acetate-phosphoenolpyruvate-glucose. Pyruvate, and thus alanine and lactate, then become labelled by the pyruvate kinase reaction. The activity of the latter is decreased in gluconeogenic states, which may account for the higher SA(glucose)/SA(alanine) ratio in 3-day-starved rats (Table 2) .
Whereas the estimated rate of transfer of 14C atoms from threonine (via succinate) and other metabolites entering the tricarboxylic acid cycle on their way to glucose serves the purpose of comparison adequately, it underestimates the true contribution of threonine C atoms to glucose. The underestimation is due to the metabolic exchange of C atoms in the hepatic oxaloacetate cycle (Krebs et al., 1966) and was calculated to be by a factor H = 1.35-1.55 in the rat (Hetenyi, 1979 (Hetenyi, , 1982 Hetenyi & Ferrarotto, 1983) . Should indeed the contribution of threonine to gluconeogenesis be via the provision of succinate, the factor H is expected Vol. 224 to be applicable to the calculation of the true rate of glucose synthesis. By using this factor, in I-daystarved rats about 2.2% of circulating glucose can be calculated to arise from threonine. This contribution increases to about 3.9% after prolonged starvation.
